The research was aimed at analysing the factors that affect the accuracy of merging point clouds when scanning over longer distances. Research takes into account the limited possibilities of target placement occurring while scanning opposite benches of quarries or open-pit mines, embankments from opposite banks of rivers etc. In all these cases, there is an obstacle/void between the scanner and measured object that prevents the optimal location of targets and enlarging scanning distances. The accuracy factors for cloud merging are: the placement of targets relative to the scanner and measured object, the target type and instrument range. Tests demonstrated that for scanning of objects with lower accuracy requirements, over long distances, it is optimal to choose flat targets for registration. For objects with higher accuracy requirements, scanned from shorter distances, it is worth selecting spherical targets. Targets and scanned object should be on the same side of the void. open-pit mines, when they are performed from the opposite benches of the excavation. Similarly, such situations may occur with the scanning of embankments, revetments or other elements of infrastructure from opposite banks of rivers or water reservoirs, as well as when measuring various elongated objects and structures located on the other side of communication routes. The problems may also arise with less typical applications, such as measuring the face of a glacier.
INTRODUCTION
Measurements using laser scanning techniques are often carried out with unfavourable geometric placement of targets. This means that they cannot be freely distributed in the space between the instrument stations and the object that is being scanned. It is the case during the measuring of topographic objects and building structures, as exemplified by the scanning performed in quarries or
The average width of potential obstacles may reach several dozen to several hundred meters, which means that the scanning will be performed over distances close to the actual maximum range of many popular instruments. This is yet another problem in such measurements [3] .
Fig. 1.Location of targets for inaccessible terrain between the instrument stations and the object
The accuracy of long-range scanning depends on the type of targets being used. The most popular ones include spherical targets, black and white checkerboard targets (b&w) and HDS targets, produced by Leica. Not all of them may prove to be suitable for long-range measurements. But the distance may be affecting both the scanning accuracy and resolution [2, 6, 10] .
When measuring elongated objects, where long-range scanners are used, scanner stations are spaced at large distances. As a result, the measured objects and targets can be located at the ends of the scanning range [9] . The quality of a scan at the end of the range has a big influence on the recording accuracy, and hence on the final point cloud. The term "scan quality" is understood not only as the density of the point cloud but also as the reflection strength, beam divergence, reactions to various types of surfaces and colours [9, 11, 19] . The algorithm for recognising different types of targets, implemented in the internal software, is also important. All of these factors affect the way the target, i.e. the object with a defined shape and dimensions of the physical space, is mapped on the scan and where its centre is to be determined. Any changes in its appearance and shape on scans pose a significant problem during registration. Various authors have pointed out the lack of a standard in which the accuracy of a single scan is provided [1, 4] . This accuracy is often related to the type of the measured object, where the colour, distance etc. are given, often without specifying the measurement conditions. Not all manufacturers provide information on standard measurement conditions (lighting, temperature, dustiness, humidity). Therefore, based on the specification only, it is difficult to determine the quality and usefulness of the results [7] . Scanner test procedures can be modelled on ISO standards similar for other surveying instruments [8] .
Research studies that are currently being carried out aim at the optimal selection of target types [3, 9] , their shape and colour [11, 19] . They include tests performed at various distances, in different lighting and at non-standard placement in relation to the scanner [11, 16] . Studies on target types usually involve checking the effect of their colour on the behaviour of the laser beam [6, 11] . The experiments are carried out on properly prepared colour charts. The results demonstrate that, depending on the type of the scanner, the smallest reflection intensity is produced by surfaces covered with black, dark red or navy blue colours. White and grey surfaces are characterised by high intensity. Some research has also been conducted regarding the materials which these targets are made of. Studies [4, 19] suggestthat plastics have exhibited the largest standard deviations that are increasing with the distance from the scanner. The use of plastics not covered by the material impermeable to the laser beam has also been excluded by the study [13] . Spherical targets are usually made of polystyrene, plastic or paint-coated plastic. Styrofoam spheres, the cheapest solution, are characterised by low unification of the shape. In addition, the laser beam penetrates into their centre, creating an ambiguous shape of the target. The spheres covered with matt paint are much better for testing purposes [12, 17, 21] . Other experiments related to the shape of targets have been carried out in [6, 9] . The scans of good quality have been obtained for HDS targets and spheres, which have been clearly visible and their shapes have been evident. Due to the fact that HDS targets are better recognisable than black-and-white targets and that it is easier to determine their centre, they have obtained slightly better results.
The experiments are mostly carried out in laboratory conditions or at short distances. Field studies are also conducted for different distances [3, 9, 10] . As a result, it can be assessed, that over longer distances, the cloud can be rare and irregular, especially for dark-colored elements. The best results (the smallest standard deviations) are obtained at distances up to 100m for HDS targets and for spheres at larger distances. B&W targets results are much less reliable than those of HDS and spheres, they are also less visible on scans and have less clear edges. On distances above 200m problems occur with automatic target recognition by software, mainly for smaller flat targets.
A comparison carried out by the manufacturer also provides interesting preliminary information about scanning measuring devices [24] . It demonstrates a higher accuracy of angle and length measurements for the Nova MS50 scanning station if compared to the ScanStation P20 scanner, but with higher measurement noise. The data is presented for a distance of 50 metres only, while these devices differ significantly in their measuring range.
In general, several factors affect the accuracy of merging point clouds when measuring objects over longer distances, with limited possibilities of target placement. These include: the placement of targets relative to each other, the scanner and the measured object, the type of targets, the type and range of instruments and the selected type of recording. Tests of the accuracy of merging point clouds, taking into account these factors, have been carried out.
TEST PROCEDURE AND TEST RESULTS
The conducted research has had several goals. The first one has been to determine whether there would be significant differences in the registering accuracy based on the close and distant targets from the perspective of the scanner (and, conversely, from the perspective of the object). The second objective has been to verify which of the targets (spherical, b&w or HDS) have ensured the best accuracy of determining their centres in long-range measurements, comparable to the actual range of the tested scanners. The tests have been carried out for the distribution of the elements illustrated in Fig 2. The measurements have been performed from two instrument stations: station1 and station2. Sets of three targets and some tested objects have been scanned from each of them. The targets which have been used have included spherical targets for short-range scanning (cs1-cs3), and spherical (fs1-fs3), b&w (fb1-fb3) as well as HDS (fh1-fh3) targets for long distances. For shorter distances, the accuracy of each of these targets is good, so one type of the targets (spheres) has been selected.
Certain doubts related to the accuracy of determining various targets usually arise for longer distances, which is why all types of sets have been tested in this case. The b&w targets have been flat checkerboards with the dimensions of 200 x 200 mm. Additional squares of reflective tape have been placed near their centres to increase the scanning range (Fig 3.a) . The Leica HDS targets ( covered with reflective tape, Faro spherical targets (s1-s4) and HDS 6" flat targets. On these objects, the target accuracy of merging point clouds from two instrument stations has been tested.
The measurements have been performed using two instruments: the Leica ScanStation C-10 laser scanner and the Leica Nova MS-50 scanning total station. Such choice has been dictated by different types of potential measured objects: buildings and technical infrastructure as well as ground, rock, and similar objects. The first type of object requires a more detailed capture of their geometry and greater accuracy of measurement, while the second one needs a greater area and scanning distance. The ScanStation C-10 scanner has a range of up to 300 m and a precision of 2 mm. The Nova MS-50 total station has four scanning modes differing in frequency (1000, 250, 62 and 1 Hz), corresponding range (300, 400, 500 and 1000 m) and precision (6.0, 3.0, 2.0, and 1.8 mm over a distance of 200 m). The frequencies of 1 Hz and 62 Hz have been too low for testing, and the frequency of 1000 Hz has been associated with short range and low precision. Therefore, the mode 250Hz/400m/3.0mm (frequency/range/precision) has been selected.
Fig. 4. Distribution of test objects
The distance at which the tests have been performed has been closely related to the maximum ranges of the instruments used, determined experimentally on the day of the measurements, so that all of the listed elements could be scanned. For the Nova MS-50 total station in the 250 Hz mode, the maximum test range has been about 300 m, and for the ScanStation C- 10 Several types of analyses have been carried out to assess the accuracy of merging point clouds. The precision of fitting models into the clouds for individual types of test elements has been initially estimated. These elements have included planes and spheres. The average deviation of fitting into the cloud has been determined for both of them. Additionally the deviation of the model sphere diameter relative to the real one have been defined. The results for the ScanStation C-10 scanner are summarized in Table 1 , and for the Nova MS-50 total station in Table 3 .
The basic analyses involved the determination of the accuracy of merging the point clouds using different configurations of the targets: close and distant: spheres, b&w targets and HDS targets. The registration process has been carried out in the Leica Cyclone 9.0 program. The error values on the merging targets and on the four spheres (s1-s4) representing the test object have been determined.
Afterwards, the differences in distances between the centres of the spheres s1-s4 from direct measurements and the spheres modelled from the merged point cloud were calculated. This way, the deformations of the spherical test object have been determined. Similar tests have been planned for the HDS targets illustrated on the test object as represented by Another test object was also a rectangular box whose planes p1 and p2 have been measured from the first observation station, and p1 and p3 from the second station. This has allowed to determine the change in the length of the plane p1 relative to the direct measurement and the mutual transverse shift of this plane, resulting from the errors in the registering of the clouds from the two stations.
The length of the p1 plane has been determined as follows: the p1, p2 and p3 planes have been fitted into the point cloud obtained as a result of the registration. Then, their intersections have been identified, whose distance has determined the searched length. This has allowed for an independent determination of the model length from the point cloud resolution on the p1 plane. The change in the length of the p1 plane and its mutual shift resulting from the inaccuracy of merging the clouds from the two stations constitute two mutually orthogonal components of the deformation of the planar test object.Those changes has been taken into account in the further analyses.
The final accuracy of merging the clouds has therefore been specified for the test objects (spheres s1-s4 and planes p1-p3) by determining their deformations relative to the dimensions obtained from direct measurements. The results of the above analyses for the ScanStation C-10 scanner are summarized in Table 2 , and for the Nova MS-50 scanning total station in Table 4 . 
ANALYSIS OF RESULTS

PRECISION OF FITTING THE MODELS INTO THE POINT CLOUDS
The precision of fitting the models into the point clouds representing the measured elements has been initially assessed (Tables 1 and 3 ). These elements have included the following targets: parameter that could be determined for spherical elements, i.e. the difference between the diameter of the real and approximated sphere. For the close spheres, this average difference has been about 0.5 mm, and for the distant spheres it has exceeded 2mm. The measurements performed at the first observation stand have had a slightly higher precision than at the second stand.
A significantly lower precision in fitting the models has been obtained for the elements scanned with the MS-50 total station. It has resulted from the scheme of the experiment: nearly twice as long scanning distance and the accompanying lower measurement precision in the selected scanning mode. For the close spherical elements, it has been about 4.5 mm, and for the distant spheres it has been an average of just above 7 mm. Distant planar elements (b&w and HDS targets) have been fitted with an average deviation slightly below 6mm, while the test planes p1-p3 with the smallest deviation of all the elements, amounting to approximately 3 mm. Therefore, for both instruments, the highest precision of fitting the models for the p1-p3 test planes has been noted, which must have resulted from covering their surfaces with a reflective foil. The average difference between the diameters of the real and the approximated spheres for the close spheres has been less than 3 mm, and for the distant ones approximately 6.5 mm. As it has been the case with the C-10 scanner, the observations made from the second station have been slightly more precise, with the measurements performed for both instruments in the afternoon hours. Therefore, a slight deterioration in precision may have resulted from a different insolation of the scanned elements compared to the first station, from which the measurements have been carried out earlier.
In general, the average precision of fitting the models for the C-10 scanner has been 2-3 times higher than for the MS-50 scanning station.
ACCURACY OF MERGING POINT CLOUDS FOR SCANSTATION C-10 SCANNER
The main tests concerned the determination of the accuracy of merging point clouds using different target configurations. Firstly, they have been discussed for the C-10 scanner ( Table 2 ). The smallest errors in merging the targets have been obtained for the close spherical targets that have had the best precision of fitting the model. The average accuracy has been 2.3 mm. The worse precision of fitting the models over greater distances has resulted in larger errors in merging the clouds. The mean error on the distant spherical targets has been 3.0 mm, on the b&w targets it has been 3.7 mm, and on the HDS targets it has been the largest and has reached 4.7 mm. It is worth paying attention to the look of point clouds for each type of targets ( Fig 5) . The cloud for the close sphere has by far the best consistency. For the distant sphere, it is noticeably worse, however, the registration errors are not significantly greater. To precisely identify the centre of the b&w target, it was helpful to stick squares made of a reflective foil near its middle part. The HDS targets dedicated to the C-10 scanner have produced a relatively ambiguous picture of the central circle from a considerable distance, which has determined the lowest accuracy of merging the clouds with this type of a target.
All targets measured with the C-10 scanner have been automatically recognised in the Cyclone program correctly and there has been no need to manually adjust the location of their centres.
After the registration, the errors have been read out on the test spheres s1-s4, which have not participated in the registration process. The largest mean error of 6 mm has been obtained for merging the point clouds using the spheres close to the scanner, which have also been the farthest from the test object. The smallest errors with an average value of 3.0 mm have occurred for the merging to the distant spherical targets, 3.8 mm for the merging to the b&w targets and 4.3 mm to the HDS targets. The last test has involved the determination of the difference in the length of the p1 plane relative to the direct measurement, and the mutual transverse shift of this plane derived from two clouds, measured from two stations. These changes correspond to the longitudinal and transverse components of the object deformation, resulting from the point clouds merging errors. Their resultant, which has been a deformation of the planar test object, has been assessed. This analysis has confirmed the previously observed accuracy relationships. The greatest error of approximately 11 mm has been obtained for the merging with close spherical targets. The smallest one, less than 5 mm, has been obtained for the merging with distant spherical targets, and slightly larger, over 6 mm, for the flat targets.
ACCURACY OF MERGING POINT CLOUDS FOR NOVA MS-50 TOTAL STATION
The results obtained for the Nova MS-50 scanning station (Table 4 ) had a noticeably worse precision and accuracy, which can be initially assessed by comparing the point cloud views captured with this instrument (Fig 6) , with similar views for the ScanStation C-10 scanner ( Fig 5) .
The smallest errors in merging targets have been obtained for close spherical targets and they have reached an average of 4.7 mm. The mean error for the distant spherical targets has been 9.0 mm, for the b&w targets it has been 7.3 mm, and for the HDS targets it has been 5.7 mm. The centres of the spherical targets have been determined automatically, based on LSM spheres being fitted (with outliers elimination) into the point clouds. However, none of the centres of the flat targets has been recognised correctly automatically, and it has been therefore necessary to determine them manually.
In this case, the determination of the centre of the b&w targets (Fig. 6 .c) has been encumbered with a greater uncertainty than the HDS targets (Fig 6.d) . The merging of the distant spherical targets has turned out to be the least accurate, which has resulted from the automatic fitting of the spheres with a 7 mm precision, with a 6 mm deviation of the diameter of the model sphere from the real one.
Manual recognition of the centre of the sphere for such a highly scattered cloud (Fig 6.b) has yielded worse results than the automatic one, and it has not been used. The deformations of the planar test object have been similar, defined as the resultants of the changes determined based on the test planes (changes in the lengths of the planes and their shifts).
The largest deformation of approximately 21 mm has been observed for the merging with the close spherical targets, the smallest one (of about 11-12 mm) for both flat targets, and for the distant spherical targets it has slightly exceeded 15 mm.
COMPARISON OF REGISTRATION ERRORS FOR BOTH INSTRUMENTS
A general comparison of the results for both instruments has brought the following observations.
The smallest errors in fitting the targets have been obtained for the close spherical targets. However, since they have been located far away from the test objects, the largest deformations have occurred on these objects, resulting from the registration errors. They have reached the average value of the shift vector slightly above 10 mm for the C-10 scanner and slightly above 20 mm for the MS-50 scanning total station. The targets placed at a greater distance from the scanner have had worse precision of fitting the model, but because they have been closer to the test objects, they have allowed for the reduction of the mutual cloud shift. For the ScanStation C-10 scanner and the distant flat b&w and HDS targets, the average deformations of the test objects have slightly exceeded 6 mm. For the distant spherical targets, the deformations have turned out to be the smallest and have reached approximately 5 mm. In the case of the Nova MS-50 total station and the distant targets, the situation has been the opposite. The smallest average deformations of the test objects have occurred for the merging of the clouds using the HDS targets and they have reached approximately 11 mm,slightly larger deformations (of about 12 mm) have occurred for the merging of the b&w targets. The largest, of approximately 16mm, have occurred for the merging of the clouds using distant spherical targets. The results obtained for the spherical targets, which have been worse than for the flat targets, have resulted from the low precision of the MS-50 scanning total station. For the flat targets (b&w and HDS targets), it has been possible to determine their centres manually quite correctly, because this process has been carried out in a plane. For the spherical targets, the manual spatial determination of their centres has not been satisfactory, and therefore they have been determined automatically (LSM with outliers elimination) which, with low scanning precision, has failed to achieve better results.
The average deformations of the test objects for the C-10 scanner were within 5-10 mm depending on the targets, and for the MS-50 scanning total station they were about twice as large, within the range of about 11-20 mm.
SUMMARY
The performed research has been aimed at analysing the factors affecting the accuracy of merging point clouds when measuring objects over longer distances, with limited possibilities of target placement. The considered situation has involved the occurrence of an obstacle/void between the scanner and the measured object, which has made optimal placement of the targets impossible. The factors taken into account during the tests have included: the placement of targets relative to each other, relative to the scanner and to the measured object, the type of targets and the range of instruments.
The performed research studies have demonstrated that if it is not possible to place the targets freely between the instrument station and the object, it is optimal to place them behind an obstacle on the side of the object. They will be merged with a smaller precision of determining the centres of the targets, resulting from scanning at large distance. However, the higher precision of scanning the targets placed in front of the obstacle, on the side of the scanner stand, has not allowed to obtain better accuracy of merging the clouds. When selecting the optimal type of targets, these accuracies have been about twice better for distant targets (located on the side of the object) than for the close ones (located on the scanner side).
The targets subjected to long-range scanning tests have included both spherical and flat targets (b&w and HDS targets). Their optimal selection has turned out to be dependent on the precision of long-range scanning of these elements (close to the actual range of the instruments). For the C-10 scanner, this precision has been relatively high and it has been possible to automatically identify the correct centres for all types of targets. The best accuracy of merging the point clouds has been obtained for the spherical targets and it has been about 25% higher than for the flat targets (b&w and HDS ones), for which the accuracy has been comparable. A different accuracy characteristic has been obtained for low precision measurements using the MS-50 total station. In this case, correct automatic recognition of flat targets has proved to be impossible. The centres of the spherical targets have been automatically determined. The most accurate determination of the centres has been performed for the HDS targets, allowing for a few percent higher accuracy of merging the clouds than for the b&w targets, and for over 40% higher accuracy compared to the automatically determined spherical targets.
All in all, it can be stated that it is preferable to select flat targets for the scanning with lower accuracy requirements (e.g. of natural forms), performed over long distances and with low precision (Nova MS-50 scanning total station). For objects with higher accuracy requirements (e.g. technical infrastructure), scanned from shorter distances but with better precision (ScanStation C-10 scanner), it is worth selecting spherical targets. In any case, the targets should be placed on that side of the obstacle/void on which the object being measured is located. 
LIST OF FIGURES AND TABLES:
